This paper aims to help fill a gap in the literature on Li-ion battery electrode materials due to the absence of measured elastic constants needed for diffusion induced stress models. By examining results from new first principles density functional theory (DFT) calculations of LiCoO 2 , LiMn 2 O 4 , (and their delithiated hosts, CoO 2 and MnO 2 ), Li x Al alloys, and data from the extant literature on LiFePO 4 (and FePO 4 ), LiTi 2 O 4 (and Li 2 Ti 2 O 4 ), Li x Si, Li x Sn and lihtium graphite-interaction-compounds, a compelling picture emerges on the dependency of the elastic properties on Li concentration. Specifically, three distinct categories of behavior are found: (a) the averaged Young's moduli change very minimally upon lithiation of the spinel and olivine structures; (b) lithiation induced stiffening is observed only when new and stronger bonds between the Li ions and the host materials are formed in layered compounds; and (c) for alloy-forming electrode materials, such as Si, β-Sn and Al, the averaged Young's moduli of lithiated compounds follow the linear rule of mixtures. The tendency of ductile or brittle behavior electrode materials is investigated with the Pugh criterion, and a ductile to brittle transition was found to occur during lithiation of Al and β-Sn, but not in Si. One of the critical challenges in advanced lithium-ion (Li-ion) batteries is preventing fracture and mechanical failure of electrodes during lithium insertion and de-insertion. Most Li-ion battery electrodes experience volume changes associated with Li concentration changes within the host particles during charging and discharging.
One of the critical challenges in advanced lithium-ion (Li-ion) batteries is preventing fracture and mechanical failure of electrodes during lithium insertion and de-insertion. Most Li-ion battery electrodes experience volume changes associated with Li concentration changes within the host particles during charging and discharging. 1 Graphite, for example, is the most common negative electrode for Li-ion batteries. Its volume increases by as much as 10% when Li intercalates between the sheets of C atoms. 2 Compared to graphite, Si can store ∼10 times more Li, but it undergoes a massive volume expansion of the order of 300%. 3 The large volume expansion, phase transition, and the associated Li diffusion-induced stresses (DIS) within electrode materials can lead to their fracture and failure which results in battery capacity loss and power fade.
Significant progress toward understanding how DIS can be minimized to increase mechanical durability of Li-ion batteries [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] has been made. For example, Verbrugge and Cheng 11 modeled the evolution of stress and strain energy within a spherically-shaped electrode particle under either galvanostatic or potentiostatic operation. They also investigated the effects of surface energy and surface elasticity on the stress evolution in spherical electrodes. 10 Wolfenstine 14 demonstrated that using Young's modulus, fracture toughness, and volume change, a critical particle size needed to lower capacity fade could be estimated with an analytical model. Recent models have been more material specific. Woodford et al. 15 further derived a failure criterion for crack propagation in individual Li x Mn 2 O 4 electrode particles during galvanostatic charging based on fracture mechanics. Using a combination of diffusion kinetics and fracture mechanics, Zhao et. al. developed a criterion for fracture in a LiCoO 2 particle. 16 These intercalation compounds have much smaller lattice deformation compared to alloying electrodes, such as Si, Sn and Al. Huggins and Nix first analysed the internal stress in a Si film and established an electrode particle failure criteria 5 by simply considering the volume expansion. The mechanical deformation mechanisms in alloyed electrodes are qualitatively different from intercalation compounds not only because of the enormous strains but also due to some distinct z E-mail: yueqi@egr.msu.edu phase transformations that occur, such as in crystalline Si, 17 Sn, 18 and Al. 19 Based on in-situ experiments and modeling, the phase boundary can limit the lithiation rate and impact the crack propagation and void formation, making failure modeling substantially more challenging. Nevertheless, each of these models is based on equations of solidstate diffusion and continuum mechanics. However, many of the input parameters, such as the lattice shape change, elastic constants (e.g. components of the elasticity tensor (C ij ), bulk, shear and Young's moduli), surface energy and stress, volume expansion coefficient, and diffusion coefficients, are not readily available in the literature. More specifically, the intrinsic mechanical properties of Li-ion battery electrodes, such as Young's modulus, are usually assumed to be constants that are independent of Li concentration. This is not surprising since difficulties associated with handling air sensitive lithiated materials render experimental measurements very challenging.
Recently, Qi and coworkers used density functional theory (DFT), with the local density approximation (LDA) for the exchangecorrelation part of the density functional, to demonstrate that the averaged (assuming isotropy for a polycrystalline electrode material) Young's modulus (E) of graphite increases linearly with Li concentration, and that it triples when graphite is fully lithiated to LiC 6 . 20 Cheverier et al. have computed the single crystal bulk modulus (B) for various Li-Si crystalline structures using DFT. 21 Shenoy et al. computed the averaged Young's modulus for both crystalline and amorphous Li x Si structures. They found that it decreases almost linearly with Li concentration in both crystalline and amorphous Si electrodes, dropping to one-third of its original value when the Li 15 Si 4 phase forms. 22 Varying mechanical properties upon lithiation have also been noted in Li-ion battery cathode materials, such LiFePO 4 . Maxisch and Ceder used DFT with the Hubbard-corrected generalized gradient approximation (GGA+U) method to show that the C ij of crystalline olivine Li x FePO 4 is highly anisotropic. Both C 22 and C 33 increase by ∼25%, but C 11 decreases by ∼25% when FePO 4 is lithiated into LiFePO 4 ; however, the averaged Young's modulus did not change (less than 1%) upon lithiation. 23 Thus, Li concentration-dependent mechanical properties are common in Li-ion electrode materials: some electrode materials can be stiffened by Li (e.g. graphite), while some other materials can be softened by Li (e.g. Si). The predicted Young's F3011 modulus of amorphous Li x Si and the trend of lithiation-induced softening have been directly confirmed by nano-indentation 24 and in-situ stress measurement of lithiated Si thin films. 25 Lithiation-induced stiffening in graphite was investigated by Qi and Harris. 26 They measured strain fields during lithiation of graphite using digital image correlation and compared their measured strain fields with results from a diffusion-induced strain model with and without concentration dependent modulus. They concluded that the only way to explain a measured compression zone in the graphite phase during lithiation with a diffusion induced strain model was to include the elastic modulus increase with lithium concentration in the model.
Lithium concentration in electrode materials is also called the state of charge (SOC). Elastic properties that vary with Li concentration or SOC have been incorporated in recent continuum diffusion induced stress and damage models. [26] [27] [28] [29] [30] One of the most significant observations is that the Li concentration dependency of Young's modulus, in particular, has a substantial effect on changing the magnitude and location of the peak stress. More specifically, Li stiffening (for example in Li x C) has been found to help avoid surface cracking during delithiation by shifting the location of the peak stress from the surface to below the free surface of the electrode particle. This is beneficial since the surface tends to have more defects (such as cracks) to initiate fracture. Furthermore, moderate Li softening (in Li x Si, for example) helps to avoid particle cracking from the center during lithiation by reducing the peak stress. However, this change is found to be more pronounced in potentiostatic-controlled lithiation/delithiation, but minimal when lithiation/delithiation is limited by surface reaction kinetics. 29 Besides Li-ion battery applications, the same electrode materials can be used to design actuators that utilize the electrochemical intercalation induced large volume change 31 for the conversion of electrical energy into mechanical energy. Thus, accurate mechanical properties as a function of Li concentration are also essential for the design of these actuators to achieve the required strain under an applied stress.
The present paper aims to help fill a long-standing gap in the literature on battery electrode material properties, viz. the absence of key elastic properties and their behavior as a function of Li concentration. We first computed the structural properties, C ij , for LiCoO 2 , LiMn 2 O 4 , (and their delithiated hosts, CoO 2 and MnO 2 ) and Li x Al alloys. No experimental data or computed elastic properties in both the lithiated state and the delithiated state could be located in the literature for these materials. Hybrid functionals were used for the transition metal oxides while the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) was used for the Li x Al alloys. Since we are interested in quantifying the extent to which the elastic properties of a broader selection of battery materials are Li-ion concentration dependent, we performed a comprehensive survey of the literature and summarized available elastic properties of additional electrode materials mainly from computation (due to the lack of experimental values). We selected materials that have unique structure types. Of particular interest are the typical positive electrode (cathode) materials 1 22 and Li x Sn, 33 have been computed and reported in the literature. We shall focus on the change of elastic constants, C ij, as a function of Li concentration, x, in these electrode materials. Since electrode particles are typically polycrystalline structures and are generally modeled as isotropic, homogenous particles, we then computed the averaged bulk (B), shear (G), and Young's (E) moduli and Poisson's ratio (ν) from the C ij by assuming isotropic polycrystalline structures. In the literature, some have reported the averaged B, G, E, and ν, while some have not reported these properties: we therefore computed them based either on our computed C ij or those reported in the literature. For isotropic homogenous particles, we focus on the Li-ion concentration dependency of the two independent elastic properties used in the typical Li diffusion induced stress model at the particle level: E and ν. We found that ν does not change with Li concentration. However, the dependency of E on Li concentration can be separated into three categories based on the structure type of a given electrode material.
Computational Methods
The new structural and elastic property calculations in this paper are based on DFT 34 as implemented in the Vienna ab initio simulation package (VASP) within a plane wave basis set. [35] [36] [37] [38] For many transition metal oxides in Li-ion battery electrodes, semi-local functionals, such as the generalized gradient approximation (GGA) and local density approximation (LDA), will typically lead to erroneous lattice constant(s) and redox potential (or the open circuit voltage) predictions. Furthermore, energy band gaps of many of these materials are predicted to be too small often leading to the erroneous conclusion of metallic behavior. In contrast, the energy bandgap obtained from Hartree-Fock calculations is typically too large compared with experiments. Mixing of the DFT and Hartree-Fock approaches can thus lead to more accurate calculations of band gaps. This has been achieved in an efficient and theoretically justified manner by Heyd et al. 39 in the form of a "hybrid" functional which is commonly referred to as HSE06. Compared with other hybrid functionals, such as that proposed by Perdew et al., [40] [41] [42] [43] HSE06 is computationally more efficient due to its use of a screened Coulomb operator for the exchange interaction, as demonstrated by Paier et al. 44 using an implementation of the HSE06 functional in VASP. Chevrier et al. 45 compared the accuracy of conventional DFT, DFT+U (where U is an adjustable parameter that accounts for on-site Coulomb and exchange interactions as described with a Hartree-Fock approximation added to the DFT Hamiltonian), and the HSE06 hybrid functional approaches for structural and redox potentials of various cathode materials. They found that the hybrid functionals gave the most reliable results and avoided the need for protracted testing required for the selection of U in the DFT+U method. 46 Therefore, the implementation of the HSE06 functionals in VASP was used in this study to compute structural parameters and elastic properities of CoO 2 , LiCoO 2 , MnO 2 , LiMn 2 O 4 (cathode materials) along with the PBE functionals constructed by the projector-augmented wave (PAW) method. The Li-Al compounds are computed with the standard GGA with PBE functionals. Structural parameters were computed by simultaneously minimizing all atomic forces and stress tensor components for each electrode structure via a conjugate gradient method. Total energies were calculated for the relaxed structures by integrating over a Monkhorst-Pack mesh of k-points in the Brillouin zone with the linear tetrahedron method with Blöchl corrections. The same k-point mesh was used for both semi-local (PBE) and non-local (Hartree-Fock) exchange after tests in which the k-point mesh for the non-local exchange was doubled revealed no significant differences. The plane wave cut-off energy for all calculations was 500 eV. The total energy was converged to 10 −7 eV/cell and the force components were relaxed to at least 10 −4 eV/Å. Components of the elasticity tensor, C ij , were computed from the first derivatives of the stresses computed in VASP, rather than from the second derivatives of the total energy with respect to strain, following the least squares method of Le Page and Saxe et al. 47, 48 This method avoids the numerical difficulties often encountered with evaluations of the second derivatives of the total energy with respect to strain and reduces the number of VASP calculations. All C ij values were computed simultaneously rather than as independent sums. The C ij are sensitive to the k-point mesh, and this required a series of ancillary calculations to test k-point convergence of each unique C ij for each material. In addition, it was determined that the application of two successive strains, viz., 0.4%, 0.6% was adequate to obtain ≤ 1.0% statistical error in each C ij . The quality of the least squares fit, as gauged by the computed least squares residual, was ≤1.0% for all calculations. The small residuals are consistent with negligible anharmonic effects in the computed C ij due to the applied strains. If the structure is amorphous and already isotropic (such as Li x Si), one can also first compute any of the two independent elastic properties, (for example, the bulk modulus B and the elastic constant C 11 ), and then use the relations between different C ij 22 to deduce the Young's modulus and Poisson's ratio. All calculations were performed with DFT 0 K calculations, since temperature-related differences in the C ij are likely to be very minimal, as demonstrated by Wrobel et. al for the La-Mg system. 49 Since micron-sized electrode particles are typically polycrystalline and are often modeled as isotropic elastic materials, the averaged bulk (B), shear (G), and Young's (E) moduli and Poisson's ratio (ν) can be obtained by inputting the C ij (either from experiments or theory) into Reuss's lower bound, Voigt's upper bound, and Hill's homogenization schemes. 50 These models assume a polycrystalline structure. The Voigt scheme gives an upper bound on elastic properties since it assumes that each grain undergoes a uniform strain. The Reuss scheme assumes a constant state of stress in individual crystallites or grains; hence, it preserves equilibrium and gives a lower bound in terms of the uniform stress. The Hill scheme 51 is the average of values from the Voigt and Reuss schemes. In this paper, averaged bulk modulus (B) and shear modulus (G) are first obtained. Then, the Young's modulus (E) and Poisson's ratio (ν) can be computed for an isotropic material based upon:
Electrode materials and Li-induced structural changes Table I lists all the materials considered in this study. The groupings are by positive (cathode) and negative (anode) electrode materials. During the Li-ion battery charging process, Li is extracted from the cathode material and inserted into the anode material (lithiation). Lithium leaves the anode material and inserts back to the cathode material (delithiation) upon battery discharging. Here, we briefly introduce the atomic structural changes due to lithiation (or delithiation) in each of the materials listed in Table I. 1) LiCoO 2 : Goodenough first discovered that LiCoO 2 can be used as an intercalation electrode for Li-ion batteries. 52 Since that time, LiCoO 2 has become the most popular cathode material for consumer Li-ion batteries used in cell phones, laptops and digital cameras (for example). However, to reduce battery cost and improve durability, other layered electrode materials, including those which substitute Mn/Ni fully or partially for Co (e.g., LiNi x Co y Mn z O 2 , LiNiO 2 ), and materials which use dopants (e.g., LiNi x Co y Al z O 2 ), have been considered as alternatives. 53 LiCoO 2 is a layered structure, with the rhombohedral space group R3m, in which O atoms form close-packed planes and both Li and Co occupy the O octahedral sites in alternating layers (referred to as the Li layer and the transition metal layer). The completely delithiated CoO 2 crystal (also R3m) modeled in this study was formed by simply removing all the Li from the LiCoO 2 structure, although in battery operations, only ∼50% of the Li can be reversibly removed without permanent damage to the electrode (such as structural collapse). 54 Layered battery electrode structures have been extensively studied both experimentally 55, 56 and theoretically [57] [58] [59] [60] due to their importance to Li-ion batteries. The HSE06 minimized LiCoO 2 layered structure considered in the present study has the following lattice parameters, a = b = 2.80 Å and c/3 = 4.69Å (layer spacing), and the delithiated (CoO 2 ) structure has a = b = 2.77 Å and c = 4.70 Å. Note that both theory and experiments show that the layer spacing does not decrease after complete delithiation. cations occupy one-half of the octahedral sites. Upon complete delithiation, Li is removed from the tetrahedral sites. The fully delithiated structure, MnO 2 , is also a cubic structure with the Fd3m space group. In the present study, the HSE06 computed energy per formula unit of the antiferromagnetic (AFM) LiMn 2 O 4 phase is found to be lower than the ferromagnetic (FM) phase by only ∼0.09eV, in agreement with experimental observations that the AFM phase is stable at low temperature. 62 Experiments have also shown that Mn ions in the AFM LiMn 2 O 4 are distributed as Mn 3+ and Mn 4+ . Note that the Mn 3+ is Jahn-Teller active; thus, the six Mn-O bonds in the Mn centered octahedron have two long bonds and four short bonds. 62, 63 However, calculations with the PBE GGA in the present study predict the lowest energy for the cubic structure with all of the Mn ions having a 3.5
+ charge, and all of the Mn-O bonds have a 1.941 Å length. The HSE06 functionals, however, successfully predict that the structure with distributed Mn 4+ and Mn 3+ is energetically more stable by 0.8 eV per formula unit than the cubic structures with all Mn having a 3.5 + charge. The Mn 3+ centered octahedron is slightly distorted with two Mn-O bonds longer than 2.16 Å due to Jahn-Teller distortion. This causes the structure to deviate from the cubic structure to an orthorhombic structure at low temperature (below 230 K according to Rodriguez-Carvajal et al.), 62 so the optimized lattice parameters for AFM LiMnO 2 based on our new HSE06 calculations are: a = 8.55 Å, b = 8.06 Å, and c = 8.13 Å.
3) LiFePO 4 : The LiFePO 4 olivine structure has the Pnma space group and it can be considered a hexagonal analog of the cubic spinel structure. 64 In the LiFePO 4 structure, the O ions have a hexagonal packing, the Li and Fe are in one-half of the available octahedral sites, and the P ions occupy one-eighth of the tetrahedral sites. Because of the strong covalent O-P bonds, LiFePO 4 exhibits better thermal stability compared to layered compounds such as LiCoO 2 . Decreasing the size of LiFePO 4 particles to the nano-scale, 65 coating the particles with conductive carbon, 66 and doping 67 have effectively solved its major problem of intrinsic low electronic conductivity. The atomic structures of both LiFePO 4 and FePO 4 were optimized and the C ij and averaged elastic moduli were computed by Maxisch and Ceder 23 using GGA+U. We will simply cite their results for the purpose of drawing some generic conclusions about the Li concentration dependency of battery electrode materials. 4) Graphite: Graphite intercalation compounds (GIC) received substantial attention in the experimental literature in the 1970s. 68, 69 In early the 1980s, the reversible electrochemical intercalation of Li in graphite was demonstrated. 70 In 1991, Sony commercialized Li-ion cells with graphite anodes after a decade of refinement. During Li intercalation, Li inserts into the spaces between each graphite layer in the graphite host forming various "staged" Li-GIC periodic structures. The term "stage-n" means a single Li intercalated layer for every n graphite sheets. Each Li sits in the center of two 6-member-C-rings stacked on top of each other. Qi 72 The long cycleability is due to two factors: 1) it can be lithiated at a voltage ∼1.5 V, which is above the typical solid electrolyte interphase (SEI) formation voltage, and 2) it shows zero strain associated with lithiation. When all Li ions are displaced from the tetrahedral sites to octahedral sites, the Li content changes from LiTi 2 O 4 to Li 2 Ti 2 O 4 : the C ij for both structures were computed by Yi et al. with GGA Perdew and Wang 91. 32 We computed the averaged B, G, E, and ν, using the C ij computed in their study. 6) β-Sn: When β-Sn is lithiated electrochemically at room temperature, crystalline Li x Sn intermetallic compounds form in the following order, β-Sn → Li 2 Sn 5 → LiSn → Li 7 Sn 3 → Li 22 Sn 5 .
3,73
We note that β-Sn undergoes a ductile to brittle phase transition to α−Sn below 13.2 • C. Most electrochemical experiments on Sn, however, have been performed at room temperature, and hence β-Sn has received far greater attention in the literature. The voltage curve for the β-Sn lithiation was computed by Courtney et al. 74 and the C ij have been computed by Stournara et al. 33 We computed the averaged B, G, E, and ν, according to the C ij computed by Stournara et al. with GGA PBE functionals. 33 
7)
Si: Silicon has been pursued as a potential anode material for its high theoretical volumetric capacity (3579 mAh/g) based on the formation of Li 3.75 Si at room temperature. 75 However, its exceptionally high capacity is associated with a large volume (∼300%) and structural changes, resulting in electrode pulverization and capacity loss. Different from the alloy forming Sn, which usually forms successive intermetallic crystalline phases upon lithiation, crystalline Si undergoes solid-state amorphization via electrochemical reaction with Li at room temperature. 76 80 or alloyed with other elements, such as Si. [81] [82] [83] Due to the large volume expansion associated with lithiation, it also suffers from mechanical degradation, such as cracking. To understand the difference between an Al and a Si anode, we computed the C ij and averaged B, G, E, and ν for crystalline LiAl and Li 9 Al 4 . Both pure Al and LiAl have Fd3m symmetry. The difference is that in LiAl, Al expands into a diamond structure, while Li forms an interpenetrated diamond structure by occupying 1 2 of the tetrahedral and all octahedral sites. The GGA minimized lattice parameter for LiAl is a = 6.358Å. Li 9 Al 4 has the C2/m monoclinc structure. 84 The GGA minimized lattice parameters for Li 9 Al 4 are: a = 18.69 Å, b = 4.473Å, c = 5.353 Å, and β = 105.5
Shenoy et al. have computed
• .
Electrode materials and their elastic properties
For each electrode material discussed above, only results for structures at the two limiting Li concentrations (x 1 and x 2 ) are listed in Table I . The average lithiation redox potential of Li into a host material vs Li/Li + is computed from DFT internal energies (using the HSE06 functionals for the transition metal oxides). The average open circuit voltage, OCV , when lithiating a material Li x M from x 1 to x 2 (where x 2 > x 1 ), is obtained from:
where U is the internal energy (not to be confused with the adjustable parameter that accounts for on-site Coulomb and exchange interactions in the DFT+U method) calculated using DFT, and e is the absolute value of the electron charge. All computed voltages are in reasonable agreement with experiments and previous DFT calculations with hybrid functionals. 45, 53 If multiple lithiation steps occur, then only the averaged voltage for a concentration change from x 1 to x 2 is reported in Table I . For example, the average voltage for the reaction of Li+C → 1/6 LiC 6 is computed to be 0.3 V based on equation 3.
The volume expansion percentage is also computed by comparing the computed equilibrium volumes of the two limiting structures as:
Note that the volume of the host materials does not always increase upon lithiation. For example, in CoO 2 and Li 4 Ti 5 O 12 , a small volume change of less than 2% was computed when the Li content increased. Lithium intercalates into the spaces between graphite layers and leads to a volume expansion ∼10%. Alloy forming anode materials, such as Al, Sn, and Si all show large volume expansions of 180%, 190%, and 263%, respectively.
The computed C ij for various electrode materials at their two limiting Li concentrations are listed in Table II. Table II also lists the predicted averaged bulk (B), Young's (E) and shear (G) moduli computed with the Voigt-Reuss-Hill (V-R-H) homogenization schemes. The averaged Poisson's ratio is around ∼0.3 for all of the electrode materials examined in this study. However, the averaged Young's moduli show some dramatic changes upon lithiation or delithiation. Therefore, the averaged Young's moduli are plotted in Figure 1 to show the degree of change upon lithiation. The Li concentration in Figure 1 is expressed in terms of y where y = x/(1+x), x is the Li x M in host material M and y = 1 for pure Li and y = 0 for the fully delithiated host material. Based on Figure 1 , we observe that the dependency of E on Li concentration can be separated into three distinct categories: a) increase Table II . Elastic properties (in GPa) of various electrode materials at the zero and fully lithiated states, including elasticity tensor components (C ij ) and polycrystalline aggregate properties of bulk modulus (B), shear modulus (G), the B/G ratio, Young's modulus (E), and Poisson's ratio (ν) in the Voigt-Reuss-Hill (V-R-H) homogenization schemes. Subscripts V, H, and R identify quantities computed with these schemes. b) no change c) decrease with Li concentration. The dependency of E on Li concentration is a direct result of the structural changes upon lithiation discussed in Section III. We therefore regroup the materials based on their structure types in the following discussion:
Dramatic change in layered structures.- Figure 1 shows that layered graphite and LiCoO 2 exhibit the largest increase of E (3 ∼ 4.5 times). It can be inferred from the unique C ij listed in Table II that this change is mainly due to the C 33 increase. Without the Li atomic layer, the C 33 is only 13.5 GPa in CoO 2 and 33.9 GPa in graphite. In the fully lithiated phase, the C 33 is 236 GPa for LiCoO 2 and 78.0 GPa for LiC 6 . After complete delithiation, the layered CoO 2 structure (i.e. without the Li atomic layer) is weakly bound by van der Waals forces. 85 Charge-transfer analyses of Li x C have suggested that Li donates charge to its nearest 12 C neighbors; thus, the weak van der Waals interaction between graphite planes is enhanced by strong cation-π interactions. 20 Similarly, Li intercalation into CoO 2 planes will also cause strong ionic interlayer interactions. The change from weak van der Waals interlayer interaction to ionic interaction is responsible for the increase of C 33 related to inter-plane deformation. Overall, the lower bound Reuss scheme (for anisotropic materials) for the average E of lithiated layered materials gives a value that is significantly higher than that of either pure Li metal or the host materials (graphite and CoO 2 ). Some comments on the brittleness and ductility changes of alloy forming electrode materials upon lithiation are warranted. Based on the B/G ratio, we can judge the ductility and brittleness according to the Pugh criterion. 86 Pugh proposed that a material's ductility can be inferred from the B/G ratio based on the analysis of experimental data for various metals: for ductile behavior B/G > ∼1. 75 , while brittle behavior corresponds to B/G < ∼1. 75 . Note the ductile to brittle transition value of 1.75 should not be viewed as a definitive transition point since the underlying criterion is too simple to capture all of the complexity of such a transition. However, the change in the B/G ratio upon lithiation can be viewed indicative of the tendency for a ductile or brittle change. For amorphous Si, the B/G ratio remains as 1.5 from Si to Li 3.75 Si. It also has been shown both experimentally and theoretically that not only does Si become softer upon lithiation, but it also exhibits plastic flow upon lithiation. [87] [88] [89] Alternatively, for β-Sn, the B/G ratio drops from 2.8 for pure β-Sn to 1.5 for the fully lithiated Li 3.5 Sn. For Al, the B/G ratio drops from 2.6 for pure Al to 1.2 in fully lithiated Li 2.25 Al. Both β-Sn and Al are ductile metals. However, they show a clear ductile to brittle transition upon lithiation, especially in lithiated Al. The ductile to brittle transition may contribute to particle fracture when one considers the stress developed due to large volume expansion upon lithiation. This may indicate why there are so few experiments on Al anodes compared to the large amount of literature on Si anodes. Aluminum can be subject to easy failure due to the brittle phases formed during lithaition, while Si does not suffer this disadvantage.
Minimal change in spinel and
Besides becoming brittle with lithiation, Li 2.25 Al is also predicted to have negative C 12 and C 35 . Negative elastic constants are not uncommon. For example, experiments on TmSe, a complicated intermediate valent compound, revealed a negative C 12 . 90 First principles calculations on the heavy fermion compound CeMg predicted a negative C 12 . 91 It is indeed surprising to find negative elastic constants in alloys with Li and Al. More detailed electronic structure analysis is needed to understand the origin of this phenomena.
Summary
By combining new calculations with literature results, we reviewed the structural changes, volume expansions, and more specifically, elastic properties in typical electrode materials. Specific focus was on quantifying the dependency of elastic properties on lithium concentration using the polycrystalline Young's modulus (E) computed with different homogenization schemes using the unique components of the elasticity tensor C ij . We have reviewed the structural changes along with changes in the computed elastic properties upon lithaition and delithiation for typical positive electrode materials, viz., layered LiCoO 2 , spinel Li x Mn 2 O 4 , olivine Li x FePO 4 , and negative electrode materials, viz., layered lithium graphite intercalation compounds, spinel Li x Ti 2 O 4 , an amorphous Li x Si alloy, a crystalline Li x Sn alloy and a Li x Al alloy. A dramatic (3 to 4.5 times) increase of the C 33 elasticity tensor component and averaged Young's modulus E was predicted for the layered compounds, such as graphite and LiCoO 2 . This is mainly a result of the change from weak van der Waals interlayer interactions to ionic interactions upon Li intercalation. In the spinel structures, such as LiTi 2 O 4 , LiMn 2 O 4 , and olivine LiFePO 4 , the E changes by less than 10% upon lithiation. For the alloy-forming electrode materials, such as Si, β-Sn and Al, E for the lithiated compounds follows the linear rule of mixtures and lithiation induced softening is
